Introduction
Molecular chaperones function in a range of protein homeostatic events, including cotranslational protein folding, assembly and disassembly of protein complexes, and protein transport across membranes. Many molecular chaperones are also known as heat-shock proteins, which refers to their regulation by stress conditions as diverse as infection with viral and bacterial agents, exposure to transition heavy metals, heat shock, amino acid analogs, drugs, toxic chemicals, and pathophysiologic and disease states including oxidative stress, fever, inflammation, infection, myocardial stress and ischemia, neurodegenerative diseases, aging, and cancer. The heat-shock response through the elevated expression of heat-shock proteins (Hsp's) protects cells and tissues against the deleterious effects of stress. Pre-exposure to mild, nontoxic stresses such as lower heat-shock temperatures, and reduced levels of metals, arsenite, ethanol, or oxidants confers a transient resistance (thermotolerance) to a subsequent, otherwise lethal, exposure to stress. A common feature of most, if not all, stresses against which Hsp's have protective capacity are effects on protein folding and protein aggregation.
Molecular chaperones represent a large class of proteins including Hsps 110, 104, 90, 70, 60, 40 (hdj-1), and 27, which are functionally related based on common properties of influencing the conformation and activities of protein substrates (1) (see also Chapter 25, this volume). Generally, molecular chaperones discriminate among distinct folded states of a substrate protein and interact with only a subset of these states (e.g., non-native intermediates) to influence folding pathway kinetics. Whereas some chaperones such as Hsp70 and Hsp60 (groEL) facilitate refolding to the native state, other chaperones, including -crystallins, small heat-shock proteins, immunophilins, cdc37, and Hsp90 prevent aggregation but do not fully restore unfolded proteins to their final native state (2-8).
The in vivo properties of specific Hsp's have been examined in cells engineered to overexpress Hsp's either transiently or stably (9-11). The activities of Hsp's can be assessed using several assays, including resistance to stressinduced cell death, effects on the fraction of soluble protein following heat shock, and the use of ectopically expressed proteins such as the Photinus pyralis firefly luciferase as an enzymatic reporter of in vivo protein damage. The luciferase reporter assay is particularly effective; the advantages include the following: (1) the enzyme emits light upon addition of specific substrates and has a very low noise-to-signal ratio; (2) the enzyme activity is easily measured by a luminometer; (3) the enzyme activity is thermolabile (12-14); (4) enzyme activity is protected by high levels of molecular chaperones (12-14); [e.g., cells transiently or stably overexpressing Hsp70 protect luciferase against thermodenaturation (11, 15) ; (5) enzyme activity and solubility can be assessed in parallel using biochemical fractionation and western blot analysis (12-14); (6) luciferase can be targeted either to the cytoplasm or nucleus to measure the effects of heat shock in either compartment (14).
The methods described in this chapter will describe protocols for examining the in vitro and in vivo activities of the molecular chaperones with particular emphasis on Hsp70 and its cochaperone hsp40 (hdj-1). Hsp70 was among the original proteins classified as a molecular chaperone; furthermore, it has the capacity to refold a wide array of proteins from a non-native, enzymatically inactive state to their native state independent of the size of the substrate protein.
Materials and Reagents

In Vitro Assays
Isopropyl -D-thiogalactopyranoside (IPTG) (Sigma). 2. DEAE fast flow sepharose (Pharmacia-LKB). 3. ResourceQ resin (Pharmacia-LKB). 4. ResourceS resin (Pharmacia-LKB).
5. Superdex-200 size exclusion column (Pharmacia-LKB). 6. Polyethyleneimine cellulose-thin layer chromatography (PEI-TLC) plates (Aldrich).
Cell Culture
In this chapter, all procedures will be described for the hamster fibroblast (O23) cell line. If other cell lines are used, it may be necessary to adapt the protocols accordingly. For cell culturing, the following general reagents are required:
1. For expression of cytoplasmic luciferase, we use plasmid pRSVLL/V (17), and for nuclear luciferase we use plasmid pRSVnlsLL/V (15). 
Purification of Hsp70
In describing the various methodologies for studying Hsp70 or Hsc70, we will indicate Hsp70; however, the protocols can be used for either protein. Any exceptions to this will be indicated in the text.
1. The extract is resolved over the weak anion-exchange resin DEAE (Pharmacia-LKB) (see Note 14). 2. Wash the column with 2 column volumes of TEN 0.1 and then elute the protein using a 100 to 300 mM NaCl gradient in TEN buffer over five column volumes (see Notes 15 and 16). 3. The fractions containing Hsp70 are pooled and recirculated over a 20 mL ATP agarose column for a total of three passes at 1 mL/min. 4. Following recirculation, wash the ATP agarose column with 100 mL of TEN 0.5 , equilibrated with 50 mL of TMgN 0.1 and elute with 10 mL of TMgN 0.1 supplemented with 10% glycerol and 50 mM ATP that is flushed through with TMgN 0.1 (see Note 17). 5. The pooled DEAE fractions are then recirculated again and the elution process is repeated. 6. Pool the two ATP elutions and concentrate to 1 mL utilizing a Centriprep-30 (Amicon). The volume is then brought up to 15 mL with TEN 0.1 and reconcentrated to 1 ml. 7. Adjust the volume to 5 mL with TEN 0.1 , place the sample in dialysis tubing (mol wt cut off 10,000-12,000 Da), and dialyze against 1.5 L of TEN 0.1 for 4 h. 8. Apply the sample to ResourceQ resin (Pharmacia-LKB) at 1 mL/min (see Note 18). 9. Elute the protein using a NaCl gradient of 100 to 400 mM over five column volumes (see Note 15). 10. Pool the appropriate fractions and concentrate to 5 mL utilizing a Centriprep-30 (Amicon). Transfer sample to dialysis tubing (mol wt cut off 10,000-12,000 Da) and dialyze against 1.5 L of TEN 0.1 for 60 h changing the buffer every 20 h (see Notes 19 and 20). 11. Finally, reduce the sample volume using a Centriprep-30 until the protein concentration is approx 50 mg/mL.
Purification of Hdj-1
Growth of the transformants and preparation of the crude extract are accomplished as described in Subheading 3.1.1.
1. Resolve the crude extract using a DEAE sepharose column equilibrated with HEN 0.5 and eluted with a 50 to 500 mM NaCl gradient.
Pool the appropriate fractions, load onto a ResourceS column (Pharmacia-LKB)
and elute with a 50-400 mM NaCl gradient. 3. Pool the appropriate fractions and add ammonium sulfate to a final concentration of 40% (w/v). 4. Clarify the solution by centrifugation at 30,000g for 30 min in a SA-600 rotor. 5. Reconstitute the pellet in TEN 0.1 , resolve over a Sephadex-50 desalting column (to remove the excess ammonium sulfate), pool the appropriate fractions and dialyze against 1.5 L of TEN 0.1 for 4 h at 4°C. 6. Load the sample onto a ResourceQ column (Pharmacia-LKB) and elute with a 50-400 mM NaCl gradient. 7. Pool the appropriate fractions and reduce the sample volume using a Centriprep-10 until the protein concentration is approx 50 mg/mL.
Purification of Hsp90
1. Five days post infection of a log phase growing culture of Sf9 cells prepare a crude cell extract by dounce homogenization and sonication. 2. Clarify the extract by centrifugation at 10,000g for 1 h. 3. Resolve the crude extract over a DEAE sepharose column and elute the protein using a 50-500 mM NaCl gradient. 4. Pool the Hsp90 containing fractions, load onto a Heparin Sepharose column (Pharmacia-LKB) and elute with a 100-600 mM NaCl gradient. 5. Pool the Hsp90 containing fractions and dilute the sample with TEN 0.1 until the final NaCl concentration is approx 100 mM. 6. Load the equilibrated sample onto a ResourceQ column and elute the protein with a 100-500 mM NaCl gradient. 7. Pool the Hsp90 containing fractions and reduce the sample volume using a Centriprep-30 until the protein concentration is approx 50 mg/mL.
ATPase Assay
ATP hydrolysis by Hsp70 is determined by measuring the release of [ 32 P]P i from [ -32 P]ATP according to the protocol of Sadis and Hightower (20) . In brief, the following protocol is used. 
Protein Substrate Interactions
Interactions between Hsp70 and a nonnative substrate can be examined using a variety of protein substrates. We present three experimental approaches using the model unfolded protein substrate reduced carboxymethylated -lactalbumin (RCMLA) or the native counterpart -lactalbumin which can form complexes detected by native gel electrophoresis (see Fig. 1A ) or in GST-pull down affinity chromatography assays (see Fig. 1B ) (22) . The third assay involves separation of the chaperone-substrate complex from unbound substrate using gel filtration (see Note 22).
Gel Filtration Assay
1. Radio-iodinate reduced carboxymethylated -lactalbumin (RCMLA, Sigma) using carrier free Na[ 125 I] (NEN, DuPont) and IodoBeads according to the manufacturers protocol (Pierce). 2. Combine Hsp70 (14 μM) and iodinated RCMLA at a 5:1 molar ratio in buffer B and incubate at 37°C for 30 min.
Gst-Pull Down Assay
1. Prepare a stock solution of -galactosidase at 10 mg/mL in 1 M glycylglycine (pH 7.4). 2. Denature the -galactosidase by fivefold dilution into denaturation buffer and incubation at 30°C for 30 min. 3. Initiate complex formation by 125-fold dilution of denatured -galactosidase into refolding buffer with or without ATP at 4°C, supplemented with 3.2 μM Gst-Hsp70 , and incubate at 37°C for 30 min. 4. Add Glutathione without Sepharose 4B (Pharmacia-LKB) to a final concentration of 10% (v/v) and incubate for an additional 30 min at 4°C to form Gst-Hsp70 complexes. 5. Following centrifugation at 10,000g for 10 s, wash the pelleted material corrresponding to Gst-Hsp70 complexes with 100 volumes of refolding buffer with or without ATP, and elute the bound material with 3 volumes of the same buffer containing 100 mM glutathione. 6. Elute the associated proteins from the glutathione-Sepharose and resolve by SDS-PAGE on a 12% gel. Perform Western blotting using anti-Hsp70 monoclonal antibody (5A5) or anti--gal antibody using standard techniques (23). 
Analysis of Biochemical Properties of the Nonnative Substrate
Three straightforward assays are presented to examine the properties of unfolded proteins incubated in the presence of chaperones. These are maintenance of the protein substrate in a soluble state, (see Fig. 2A ), analysis of the partially folded soluble protein by native gel electrophoresis, and following digestion with proteases (see Fig. 2B ). These methods rely on the propensity of guanidinium hydrochloride denatured -galactosidase to form large aggregates upon dilution into aqueous buffers and the ability of certain chaperones to suppress this aggregation (8,22). followed by 10-fold dilution into denaturation buffer and incubation at 30°C for 30 min. The conformation of the unfolded substrate is assessed using proteolysis to probe protein structure. Chemically denatured -galactosidase (3.4 nM final) was incubated with the indicated proteins (3.2 μM of BSA, Hdj-1, or Hsp70). Following removal and quenching of one-half of the reaction in loading buffer (0 min), chymotrypsin was added to allow partial proteolysis (15 min). Samples were analyzed by Western blotting with anti--galactosidase antibodies.
3. Initiate the reaction by 125-fold dilution of the denatured -galactosidase into refolding buffer at 37°C supplemented with the desired chaperone or BSA (typically at 3.2 μM). 4. Following a 30-120 min incubation at 37°C, separate the soluble and insoluble -galactosidase species by centrifugation at 10,000g for 5 min. 5. Resolve the supernatant and pellet fractions on a 10% SDS-PAGE and visualize the -galactosidase by Western-blot analysis using standard techniques (23).
Native Gel Electrophoresis Assay
1. The -galactosidase is denatured and diluted into refolding buffer as described in Subheading 3.4.1., steps 1-3. 2. Following a 1-to 2-h incubation at 37°C, mix the reactions with glycerol (10% final concentration) and Bromophenol dye (0.01% final concentration). 3. Resolve the reactions on a 4% acrylamide gel in Na-borate buffer at 1 mm/min until the bromophenol dye front reaches the edge of the gel (see Notes 25 and 26). 4. Following electrophoresis, electroblot the samples onto nitrocellulose membrane and detect the -galactosidase by Western-blot analysis using standard techniques (23).
Limited Proteolysis Assay
1. The -galactosidase is denatured and diluted into refolding buffer as described in Subheading 3.4.1., steps 1-3. 2. Following a 2-h incubation at 37°C, add 1.0 μg of chymotrypsin to each reaction. 3. Remove aliquots (15 μL) prior to, and following, a 15 min incubation with the chymotrypsin, mix with 5X SDS sample buffer (see Subheading 2.7., step 6), and resolve immediately by SDS-PAGE using a 10% gel (see Note 27). 4. Transfer proteins to nitrocellulose and detect the -galactosidase by Westernblot analysis using standard techniques (23) (see Note 28).
Luciferase Refolding Assay
The protocol for refolding of guanidine-HCl denatured firefly luciferase is a modified version of Buchberger et al. with 50 μL of refolding buffer and measure luciferase activity using a luminometer. 5. Calculate the activities as a percentage of the activity of 1 μL of luciferase which has been diluted to the same extent in refolding buffer supplemented with BSA (3.2 μM) in the final dilution.
-Galactosidase Refolding Assay
The chaperone-dependent refolding of -galactosidase as described by Freeman and Morimoto (8) uses ONPG as the chromogenic assay (26) and is represented as a time dependent reactivation of unfolded -galactosidase in the presence of Hsp70, Hdj-1, and ATP (Fig. 3A) . Incubation in the presence of each chaperone alone, BSA, or in the absence of ATP does not result in refolding.
1. The -galactosidase stock solution is prepared and denatured as described in 
Maintenance of -Galactosidase in Folding Competent State Assay
Previous sections of this chapter describe methods for monitoring protein aggregation (Subheadings 3.4.1.-3.4.3.) . However, these assays do not establish whether the substrate is in a "functional" state, experimentally defined as "on-pathway" intermediates, which can be refolded to the native state. An assay for the ability of a chaperone to maintain a substrate protein in a refoldable state is to assay whether the substrate remains soluble and can be refolded to its native enzymatically active state upon addition of one or more chaperones and ATP (Fig. 3B) . The basic protocol is similar to the -galactosidase refolding method described above except that a test chaperone (such as Hsp90) is added first. Hsp90 can maintain an unfolded substrate in a folding competent state and the Hsp70 and Hdj-1 are then mixed with the denatured -galactosidase and the level of "refoldable" substrate is measured. Unfolded -galactosidase was diluted to a final concentration of 3.4 nM in refolding buffer supplemented with 1.6 μM Hsp70 and 3.2 μM Hdj-1. The level of refolding was determined relative to the activity of native -galactosidase (3.4 nM) in refolding buffer supplemented with BSA (3.2 μM). -galactosidase activity was measured using ONPG as the chromogenic substrate. Approximately 50% of the denatured substrate was refolded after 4 h in the presence of Hsp70, Hdj-1 and ATP. In the presence of BSA, the unfolded substrate aggregates. (B) Hsp90 maintains the denatured -galactosidase in a refoldable state independent of nucleotide, which is subsequently refolded to the native state upon addition of the Hsp70, Hdj-1 and ATP. Denatured -galactosidase was diluted into refolding buffer (3.4 nM final) supplemented with 1.6 μM Hsp90. After 30 min, 1-or 2-h incubation, 1.6 μM Hsp70, 3.2 μM Hdj-1, and ATP (1 mM final) were added to the reactions. The activity of -galactosidase was monitored using ONPG as the chromogenic substrate.
Expression of Heat-Shock Proteins and the Reporter Enzyme Luciferase in Mammalian Cells
Transient Expression
This approach circumvents the requirement to establish stable cell lines. Firefly luciferase is cotransfected with putative chaperones and used as the reporter enzyme. Transient transfections do not require selection but each experiment requires a new transfection round and only a small proportion of the cell population will express the protein(s) of interest.
The following method is an adaptation of the method described by Kriegler (27) (see Note 33). Generally, transfection efficiencies of 1-5% are obtained for O23 hamster cells. Higher levels of protein per cell are generally achieved in these transient transfections than for stably transfected or inducible cell lines. For determination of luciferase enzyme activity about 2 × 10 4 cells in aliquots of 500 μL are placed in culture tubes.
Stable Transfections
When a whole cell population is to be studied, for example for cellular survival or measurements on the solubility of endogenous proteins, clonal cell lines capable of over-expressing individual Hsps are used. We prefer inducible systems such as the inducible-tetracycline promoter (28) in lieu of constitutive overexpression of chaperones which is likely to have deleterious effects on cellular metabolism. Moreover, the tetracycline-inducible system allows accurate titration of the protein of interest and the addition of tetracycline itself is not stressful for the cells. 
In Vivo Assays for Chaperone Activity
Overall Protein Insolubility
The method described here is based on the observations by the Roti Roti laboratory (Washington University, St. Louis, MO) who showed a reduced solubility of (nuclear) proteins after a heat treatment of cells as determined by an increase in the protein-to-DNA ratio of nuclei after cell fractionation. The nucleus contains both water/detergent soluble proteins and insoluble ("structural") proteins. Many aqueous/detergent soluble proteins leak out of the nuclei when isolated from non-stressed cells but remain bound to (aggregate with) the structural, insoluble fraction when isolated from heat stressed cells. There are many possible variations to this assay that can depend on the type of cell fractionation one prefers and the type of cell line that is used (see Note 46). Here, we will describe a detergent based fractionation scheme for O23 cells in which a nuclear (pellet) fraction is isolated without contamination with other major cell organelles and cytoplasmic proteins and with a minimum of cytoskeletal remnants. For measurement of the protein content of these nuclei, a flow cytometry based method will be presented which is a slight modification of the protocol described by Blair et al. (29) . Using this and comparable methods, in vivo chaperone activities have been demonstrated for Hsp27 and Hsp70 (30,31) .
The use of foreign reporter proteins to assay chaperone activity in vivo was introduced by the Bensaude Laboratory (Ecole Normale Superieur, Paris, France). The rate and extent of in vivo luciferase enzyme inactivation and reactivation depends on several parameters, such as the cell line, the temperature used for heat shock, the intracellular localization of the luciferase, and the concentration of luciferase per cell (see Note 52). These conditions should be reoptimized for each new experimental condition. For example, the extent of chaperone protection against thermal stress often varies depending on the specific heat shock temperature or conditions of recovery (see Note 53).
For luciferase inactivation and reactivation experiments, cells are always transiently transfected with the luciferase encoding plasmids, cultured in tubes and heat shocked 24-48 h after seeding. For chaperone measurements, one can either cotransfect chaperone encoding plasmids or transfect luciferase encoding plasmids into clonal cell lines constitutively expressing the chaperones (see Note 54).
For luciferase inactivation, the following protocol is used (11,14) . 7 . Fractionate cell lysates into supernatants and pellets by centrifugation at 12,000g for 15 min at 4°C. 8. Add 300 μl 2X Lemmli SDS-PAGE loading buffer to the supernatants. 9. Analyze the supernatants by SDS-PAGE on a 12.5 % gel and visualize luciferase by Western-blot analysis using standard techniques (22) (see Note 61).
Clonogenic Cell Survival
For proliferating cells, one of the most sensitive endpoints for cytotoxicity is the loss of the capacity for sustained proliferation (reproductive cell death). Such a "dead" cell may still be biochemically active for quite some time and may even undergo one or two mitoses, but it has lost its reproductive integrity. We employ the definition that a cell which divides more than five times to form a macroscopically visible colonies (consisting of more than 50 cells) is considered clonogenically vital. For reasons that are still poorly understood, even within a nontreated growing cell population not all cells will be capable of forming colonies. Cellular survival (surviving fraction, SF) after a given treatment is therefore calculated, taking into account this plating efficiency, using the following formula: The following protocol describes a variant of the assay used for anchoragedependent cells (see Note 62).
Notes
The pH of HBS2x is crucial for transfection efficiency. It is recommended that
several batches be prepared and tested to select those that yield the highest transfection efficiency. After freeze-thawing, two layers are visible that should be mixed before use. 2. The concentration of cycloheximide necessary to completely abolish protein translation must be established for every cell line. Cycloheximide is an irritant, so gloves should be worn when handling this reagent. 3. Luciferin does not dissolve in H 2 O but will dissolve upon addition of buffer A, turning the solution yellow instead of white. 4. To increase the expression level, the transformants are restreaked twice and grown at 30°C. The second streaking should cover the entire surface of the plate to produce a bacterial lawn (one plate is streaked for every 2 L of media). 5. A similar protocol is followed for expression of Hsc70, except the transformants are grown at 22°C. 6. Prior to addition of the IPTG, a 1-mL sample is removed, clarified, the cell pellet reconstituted in 300 μL of 1X SDS sample buffer, and boiled for 5 min (uninduced sample). 7. Half the total volume of TEN 0.1 is used to reconstitute the cell pellet, the remaining fraction is supplemented with lysozyme to 100 μg/mL. Once the cell pellet is completely reconstituted in TEN 0.1 the solution is transferred to a fresh 50-mL conical flask and the bottle used for clarification is rinsed with the TEN 0.1 supplemented with lysozyme. The TEN 0.1 containing lysozyme is then transferred to the 50-mL flask and the contents are gently mixed. 8. Flash-freezing is accomplished with either a dry ice/methanol bath or liquid nitrogen. 9. The sample is incubated at 37°C until a fraction (approx 20%) of the solution remains frozen at which time the remaining fraction of the solution is thawed by gentle inversion of the tube at room temperature. 10. If you need to stop the preparation for any reason it is best to leave the cells frozen prior to the fourth thaw. 11. A 2-μL sample is removed and mixed with 58 μL of 1X SDS sample buffer (induced sample). 12. A 4-μL sample is removed and mixed with 116 μL of 1X SDS sample buffer (crude extract sample). 13. The efficiency of the induction is checked by analysis of 15 μL of the uninduced, induced, and crude extract samples by SDS-PAGE. 14. We use a 200-mL DEAE column to ensure complete retention of the sample. 15. The fractions containing Hsp70 are identified by SDS-PAGE. 16 . Typically Hsp70 elutes between 150 and 225 mM NaCl. 17. The sample is collected once 5 mL of the TMgN 0.1 + glycerol + ATP has been loaded onto the column and collection is continued until a total of 35 mL has been obtained.
18. We use a 35-mL column of ResourceQ resin. 19 . Following dialysis, the integrity of the Hsp70 preparation is checked by SDS-PAGE; if quality does not meet expectations (>98% homogeneity), the sample is reapplied and eluted from a ResourceQ column. 20. If further purification is required (e.g., the 45-kDa ATPase domain is present), the sample is resolved over a size exclusion column (a Superdex-200 column is preferable). Prior to column chromatography, the sample should be heated at 37°C for 15 min to allow fragments of Hsp70 to disassociate from full-length protein. 21 . In addition to measuring the basal ATPase activity of Hsp70, one can assess the effects of protein substrates or DnaJ homologs. We find that a 10-20 M excess of substrate (reduced carboxy methylated -lactalbumin; RCMLA) is required for efficient substrate induced hydrolysis and a 2-5 M excess of the DnaJ homolog Hdj-1 is required. As a control for the substrate induced ATPase activity, the effect of native -lactalbumin should be evaluated.
As an important technical note, the efficiency of detection of complexes between
Hsp70 and a given substrate is enhanced if the reaction is incubated at temperatures above 22°C prior to resolution through a matrix maintained at 4°C. 23. Based on the apparent K d (9.5 μM) between wild-type Hsp70 and RCMLA, a molar ratio of 5:1 Hsp70:RCMLA is necessary to achieve approx 50% RCMLA binding. 24. The samples are electrophoresed until the Bromophenol Blue dye elutes from the bottom of the gel. 25. Resolution and detection of non-native species of -galactosidase is dependent on the type of gel buffer (0.1 M sodium borate and 0.1 M sodium acetate), temperature (4°C), and speed (bromophenol dye resolved at 1 mm/min) utilized for electrophoresis. Deviation from these conditions results in inadequate or no resolution/detection of non-native species of -galactosidase. 26. An inability to resolve/detect non-native -galactosidase usually occurs because of retention of the -galactosidase at the top of the gel. 27. The reactions are mixed within the Hamilton syringe needle used for sample loading and are immediately resolved by SDS-PAGE. 28. The proteolytic pattern is critically dependent on the amount of chymotrypsin ( 36. DNA is isolated and purified using Qiagen Q500 columns. 37. Keep the temperature at exactly 25°C, as this is optimized for formation of the precipitate. 38. Mix the appropriate vectors and equalize the plasmid quantity to 10 μg with an empty vector such as pSP64 (Promega). For luciferase experiments, we transfect 2 μg of luciferase plasmid and 1 μg of heat-shock protein-encoding plasmid. Large quantities of the plasmid-encoding nuclear luciferase might lead to a saturated nuclear transport system and a proportion of the luciferase will remain in the cytoplasm. Confirm luciferase localization by indirect immunofluorescence. Large quantities of heat-shock protein encoding plasmids might lead to excessive expression and disturbance of cellular metabolism. 39. This process partially determines the size of the precipitate and the cellular takeup. Therefore, for reproducibility between transfections, maintain the speed of the vortex constant and add the calcium slowly. 40. To allow optimal contact between DNA and the cells, do not stir the culture dishes but leave them in the laminar flow cabinet. 41. Avoid medium that contains high phosphate levels (e.g., RPMI), as this results in uncontrolled formation of precipitates. 42. This procedure may be toxic. To avoid this, the incubation can be shortened to a minimum of 4 h. 43. To establish a cell-line stable expressing the tetracycline responsive activator (tTA), use geneticin resistance and culture in presence of 3 μg/mL tetracycline to suppress promoter activity. Select the cell line with the lowest leakiness and high- . To obtain similar luciferase inactivation kinetics, Ltk mouse fibroblasts and O23 hamster fibroblasts should be heat shocked at 43°C and 42°C, respectively. Under these conditions, luciferase will denature with log-linear kinetics during the first 8 min. (11,14) . When expressed in cells growing at lower temperatures than 37°C, luciferase will denature at lower heat-shock temperatures (12). Extremely high cellular concentrations of luciferase will exhibit different rates of heat inactivation (14). 53. Cooperation of Hsp40 with Hsp70 in the refolding of cytoplasmic luciferase in O23 hamster cells was only observed during recovery from a heat shock of 30 min at 45°C but not when milder heat shocks were given (11). 54. For protein (re)folding, the chaperone/substrate ratio is important. With the different transfection protocols, different ratios may be obtained and this may explain variations in the magnitude of chaperone effects observed. 55. The data are expressed relative to luciferase activity in untreated samples; therefore, it is essential to have an accurate 100% value. To accomplish this, we take eight samples at t=0 before heat shock for inactivation and reactivation experiments. We take four tubes at every other time point. 56. Reactivation experiments take relatively more time outside the CO 2 incubator, which could interfere with results. The pH of the tissue culture medium should be constantly monitored and stabilized by addition of 20 mM MOPS to the medium on the day before the experiment is initiated and by performing the heat shock in a water bath with CO 2 flow, followed by recovery in a CO 2 incubator. The latter also allows performance of the experiments using uncapped tubes. 57. For reactivation studies, the level of initial damage, from which recovery of enzyme activity is studied, is critical. If damage is too high, no recovery will be observed, whereas insufficient damage will lead to very rapid recovery kinetics, which are difficult to follow and more variable, making it likely that subtle differences in reaction kinetics may go undetected. For O23 cells, a heat shock of 30 min at 42-43°C enables luciferase recovery to be studied over a relatively broad range. Chaperone effects are usually measured after higher heat shocks to allow better discrimination of the effect. For O23 cells, we heat shock for 30 min at 44°C or 45°C to detect cooperation of Hsp40 and Hsp70 in the reactivation of nuclear or cytoplasmic luciferase, respectively. 58. During reactivation experiments, protein synthesis is arrested and luciferase activity decays even at 37°C. For O23 cells, luciferase activity decays 10-15% during the first 60 min, with 50% of the luciferase activity no longer detected after 4 h. If possible, avoid experiments at time-points exceeding 60 min, where decay is high and luciferase decay might prevail over reactivation. Check the stability of luciferase at 37°C in the presence of cycloheximide and measure the reactivation kinetics before choosing one time-point at which to measure recovery.
59. During the luciferase enzyme reaction, a flash of light is emitted that is most intense during the first 10 s. Use this interval for optimal detection. 60. Using this protocol, we found that nuclear luciferase expressed in O23 cells insolubilizes completely during a heat shock of 20 min at 43°C, whereas cytoplasmic luciferase is only partially insolubilized (11). 61. Antiluciferase antibody can be obtained from Promega. 62. For anchorage-independent (suspension) cells, a soft agar equivalent of the technique is available (34). 63. Dishes should be labeled with an alcohol-resistant marker. 64. It is extremely important to obtain a single cell suspension, as populations of undispersed cells invalidate the calculations. 65. For O23 cells, 30-min heat-shock treatments at 42, 43, 44, or 45°C will typically result in about 10, 50, 90, and 99% cell killing, respectively. 66. Estimate the fraction of surviving cells for each temperature and time-point and make dilutions so that approx 100 colonies will form on the dishes. It is recommended to make several dilutions, as the surviving fraction is dependent on cell line, heat-shock temperature, and other variables such as the level of chaperone overexpression. 67. Cells that are not capable of generating colonies (clonogenically dead) may remain biochemically active and, in fact, may produce factors in the medium that stimulate growth and cell division of neighboring cells (feeder effect). Different dilutions will contain different concentrations of dead cells and these may affect colony formation. To avoid confounding effects (different dilutions will contain a different number of dead cells), we advise adding 1 × 10 6 feeder cells. Feeder cells have been exposed to doses above 50 Gy of X-radiation or heat treatments for >3 h at 45°C. To assure that they are indeed clonogenically dead, always plate 1 × 10 6 feeder cells as a control. 68. Stirring of the dishes might detach dividing cells originating from only one surviving cell. This will result in the formation of satellite colonies that may be erroneously counted as independent colonies. 69. The time required for colony formation depends on the cell doubling time (Td).
For Td = 12-18 h, it takes about 8-10 d; for Td > 24 h, it takes more than 2 wk. Always check the size of the colonies. Stop the experiment at a time when longer incubations will only result in existing colonies becoming larger rather than the formation of any new colonies containing 50 cells or more.
